An important component of vaccine development is the identification of safe and effective adjuvants. We sought to identify transcriptomal signatures of innate immune stimulating molecules using nextgeneration RNA sequencing with the goal of being able to utilize such signatures in identifying novel immunostimulatory compounds with adjuvant activity. The CC family of chemokines, particularly CC chemokines 1, 2, 3, 4, 7, 8, 17, 18, 20 , and 23, were broadly upregulated by most Toll-like receptor (TLR) and nucleotide-binding domain and leucine-rich repeat-containing receptors (NLR) stimuli. Extracellular receptors such as TLR2, TLR4 and TLR5 induced the transcription of CXC chemokines including CXCL5, CXCL6 and CXCL8, whereas intracellular receptors such as TLR7 and TLR8 upregulated CXC chemokines 11 and 12. Both TLR1/2 and TLR2/6 agonists induced strong chemokine production in human peripheral blood mononuclear cells. Human skeletal muscle cells and fibroblasts respond with chemokine production only to TLR2/6 agonists, but not TLR1/2 agonists, consistent with strong expression of TLR2 and TLR6, but not of TLR1, in fibroblasts. TLR2/6 stimulated fibroblasts demonstrated functional chemotactic responses to human T cell and natural killer cells subsets. The activation of non-hematopoietic, adventitial cells such as fibroblasts and myocytes may contribute.
Introduction
Vaccination has proven to be one of the most effective methods of affording protection against infectious diseases. 1, 2 Despite the dramatic improvements in controlling the incidence of vaccine-preventable diseases, newly emerging and re-emerging infectious diseases present new challenges. Pertussis (whooping cough) is a re-emerging disease. In North America, large outbreaks of pertussis have occurred with trends indicating a shift in peak incidence from adolescents to children. 3 One of the reasons for the resurgence of pertussis is thought to be due to rapidly waning immunity to acellular subunit pertussis vaccines that have supplanted whole cell killed vaccines. [4] [5] [6] In an infant baboon model, it has been demonstrated that animals vaccinated with alum-adjuvanted acellular subunit pertussis vaccine mounted a mixed T helper 1/T helper 2 (Th1/Th2) response, which was associated with protection against disease, but not from colonization of the organism; vaccination with whole cell killed pertussis vaccine induced B. pertussisspecific T helper 17 (Th17) memory and Th1 memory, which was associated with a more rapid clearance of the pathogen. 7, 8 Studies in animal models have suggested that replacing alum with alternate adjuvants that promote strong Th1-and Th17-biased responses may be beneficial in improving vaccine efficacy. 9 The engagement of innate immune receptors plays a role in the action of many vaccine adjuvants; although the precise mechanisms of aluminum-based adjuvants (commonly referred to as 'alum') remain largely unknown. Activation of the nucleotide-binding domain and leucine-rich-repeat-containing gene family pyrin-domain-containing 3 (NLRP3) inflammasome is thought to contribute to its adjuvant activity, 10, 11 as well as the release of DNA from host cells and subsequent engagement of DNA-sensing innate immune pathways. 12 Toll-like receptors (TLRs) and nucleotide-binding domain and leucine-rich repeat-containing receptors (NLR) constitute important sensors in the activation of innate immune cells including monocytes, macrophages, and dendritic cells. These cells function as sentinels against foreign antigens and pathogens, recognizing pathogen-associated molecular patterns (PAMPs) through pattern-recognition receptors (PRRs). 13, 14 The 10 functional TLRs in the human encode proteins with an extracellular domain having leucine-rich repeats (LRR) and a cytosolic domain called the Toll/IL-1 receptor (TIR) domain.
15 TLR1, ¡2, ¡4, ¡5, and ¡6 recognize extracellular stimuli, while TLR3, ¡7, ¡8 and ¡9 function within the endolysosomal compartment. The ligands of TLRs are highly conserved molecules such as lipopolysaccharides (LPS) (recognized by TLR4), lipopeptides (TLR2 in combination with TLR1 or TLR6), flagellin (TLR5), single-stranded RNA (TLR7 and TLR8), double-stranded RNA (TLR3 and MDA5), CpG motif-containing DNA (recognized by TLR9). 15 The discovery and development of safe and effective vaccine adjuvants has been a central research goal in our laboratory, which has led us to explore structure-activity relationships in a variety of innate immune-stimulatory chemotypes, including small molecule agonists of TLR2, [16] [17] [18] _ENREF_43 TLR4,   19   TLR7,  20-29 TLR8,  28,30-38 NOD1,  39 as well as C-C chemokine receptor type 1 (CCR1). 40 Several studies have previously attempted to examine the molecular signatures elicited by vaccines, 41 as well as vaccine adjuvants. [42] [43] [44] [45] A recent comprehensive study comparing a range of adjuvants in non-human primates 44 found that TLR3 and TLR7 stimuli induced IFN and antiviral transcriptomal programs, while alum and TLR4-containing adjuvants evoked inflammatory and myeloid-associated modules, consistent with our findings, 45 and those of others. 42, 43 Given the enormous diversity of signals recognized by the TLRs, which are present both in the extracellular and intracellular compartments, we sought to address two questions: (i) are there 'signatures' that are diagnostic of innate immune activation, regardless of the innate immune sensor involved, and (ii) which of the many TLR ligands that we have characterized induce strong humoral responses to subunit antigens.
Whole transcriptome next-generation RNA sequencing of human peripheral blood mononuclear cells exposed to 23 innate immune-active compounds encompassing almost the entire repertoire of TLR ligands indicate prominent upregulation of CC and CXC chemokines, independent of the innate immune receptor involved. Non-hematopoietic cells such as fibroblasts and skeletal muscle cells express TLR2 and respond uniquely to TLR2/6 agonists, but not TLR1/2 ligands, resulting in the induction of chemokines and, consequently, manifesting in the chemotaxis of several major human lymphocytic subsets. These results point to the utility of chemokine induction as a 'signature' of adjuvant activity, and provide mechanistic insight into the potential utility of harnessing TLR2 agonists as vaccine adjuvants. ng/mL epidermal growth factor, 1 mg/mL hydrocortisone, 10 mM glutamine, and 10% fetal bovine serum. Cells were cultured in 96-well plates at 37 C for 3.5-16 h, as indicated for that experiment.
Materials and methods

Reagents
Next-generation sequencing of PBMCs
PBMCs were stimulated in 96-well plates for 3.5 h with 1 mg/ mL TLR/NLR agonist, in duplicate. Pilot experiments were first conducted to arrive at optimal concentrations of innate immune ligands as well as exposure times in order to accommodate processing large numbers of samples simultaneously for the large-scale next-generation sequencing (described in Materials and Methods). The potential weakness of this approach is that we may not have captured peak fold-changes in gene expression for all of the ligands examined. Total RNA was isolated using RNeasy 96 kits according to the manufacturer's instructions (Qiagen, Hilden, Germany). Samples were stored in RNase free 96-well PCR plates at ¡80 C until used. RNA quality and concentration were determined using Agilent RNA 6000 Nano Kits (Agilent Technologies, Santa Clara, CA) and libraries were generated using Clontech SMARTer Standards Total-RNA Pico Kits (Clontech Laboratories, Inc., Mountain View, CA). Libraries contained inserts of approximately 200 base pairs and averaged quality scores over Q30. Individual TruSeq libraries were pooled into 2 and sequenced across 3 lanes. Next-generation sequencing was carried out by the University of Minnesota Genomics Center using a HiSeq 2500 (Illumina, San Diego, CA) in high output mode for 13 £ 10 6 reads per sample for 50 base pair paired ends using v4 chemistry. RNASeq data is available at the Sequence Read Archive (BioProject ID: PRJNA390780; http://www.ncbi.nlm.nih.gov/ bioproject/390780).
Multiplexed cytokine analysis in PBMCs, SkMC, HMEC-1 and HFFs
Cytokine and chemokine responses of PBMCs, SkMCs, HMEC-1, and HFFs were measured using methods previously reported by us 19, 36, 37 with the following Milliplex kits: HCYTMAG-60K-PX41, HCYPMAG-63K, and HCYP2MAG-62K (EMD Millipore, Billerica MA). Cells were seeded at a density of 10 5 cells per well. Cells were either stimulated for 16 h with graded concentrations of TLR ligands, or mockstimulated with vehicle (DMSO). Supernatants were collected by Precision 2000 liquid handlers (BioTek, Winooski, VT) and diluted 1:3 for each kit. The data was acquired on a MagPix Ò instrument and the data analyzed using Milliplex Analyst (EMD Millipore, Billerica MA).
CCL20 and CXCL6 ELISAs
PBMCs, SkMCs, HMEC-1, and HFFs were cultured in 96-well plates at 10 5 cells per well in appropriate growth media with graded concentrations of TLR ligands for 16 h at 37 C. Plates were centrifuged to collect supernatants, which were diluted 1:5 for CXCL6 ELISAs (Abcam, Cambridge, MA, Catalog number AB155431) and 1:2 for CCL20 ELISAs (Abcam, Cambridge, MA, Catalog number AB100599). The manufacturer's procedure were followed for both types of ELISA and acquired on a SpectraMax M2 (Molecular Devices, Sunnyvale, CA). Concentrations were quantified from four-parameter logistic fits of standard curves for each analyte.
Immunofluorescence detection of TLR1, ¡2, and ¡6 expression in HFFs
HFFs were plated at 10 4 per well in a tissue culture-treated 96-well plate and incubated overnight. Each well was washed 3 times in PBS and then fixed for 10 min at room temperature in 4% paraformaldehyde followed by blocking with 10% goat serum in PBS (recommended blocking buffer for the Tyramide Superboost kit described below) for 1 h at room temperature. Polyclonal anti-TLR1, ¡2, and ¡6 antibodies (Abcam, Cambridge, MA, Catalog numbers AB189337, AB191458, AB37072, respectively) were utilized at 1:100 dilutions in 100 mL blocking buffer to stain cells for 1 h at room temperature, followed by 1 h of incubation with goat-anti-rabbit-HRP antibody conjugate. Tyramide signal amplification was carried out for 5 min according to the Tyramide SuperBoost kit's manufacturer (Invitrogen, Carlsbad, CA, Catalog number B40922). Samples were counterstained with 100 ng of DAPI and imaged at the University of Minnesota Imaging Center using a Nikon A1R confocal microscope with a 60X water immersion objective with a numerical aperture of 1.20.
PBMC chemotaxis with HFFs
HFFs were plated at 10 6 per well in an IncuCyte ClearView 96-well reservoir plate (Essen Bioscience, Ann Arbor, MI) in complete DMEM and cultured for 16 hours. Following incubation, the cells were stimulated with graded concentrations of TLR agonists for 24 h. An IncuCyte ClearView chemotaxis plate was coated with 0.5 mg/mL Matrigel (Corning Life Sciences, Corning, NY, Catalog number 354248) in complete RPMI on ice. Matrigel polymerization was carried out for 30 minutes at 
37
C, and then the chemotaxis plate was cooled to room temperature for 1 h. PBMCs were plated in 60 mL of complete RPMI in the top well of the chemotaxis plate. The top of the chemotaxis plate was placed on the reservoir plate containing HFFs and cultured for 16 h at 37 C. After the incubation, the bottom reservoir plate was stained with CD3-PE and CD56-APC (eBioscience, San Diego, CA, Catalog numbers 12-0037-42 and 17-0566-42, respectively), CD4-V450, CD8-V500, CD14-FITC, and CD19-PE-Cy7 (Becton Dickinson
, and monocytes (CD14 C ).
Statistical methods
RNASeq data were obtained on duplicate samples, and were calculated as fold change over unstimulated control samples 
Results
A main objective of this work was to examine if there are any transcriptional signatures common to the broad range of TLR/NLR-active compounds that we have evaluated as vaccine adjuvants. These compounds are shown in Fig. 1 , and include both canonical and novel small-molecule agonists of TLR2 (PAM 2 CSK 4 , PAM 3 CSK 4 , DBS-2-217C, and lipoteichoic acid), TLR3/MDA5 (Poly I:C), TLR4 (LPS from E. coli, MPLA), TLR5/NLRC4 (flagellin), TLR7 (C4, CL307, EY-2-40), TLR8 (KHP-3-126, MB-569, MB-152), dual TLR7/TLR8 (XG-2-136, Meta-amine and IMDQ), TLR9 (ODNs 2006, 2216, 2395, and C274), NOD1 (C12-iE-DAP) and NOD2 (Murabutide). We had previously characterized the transcriptional responses to a small subset of innate immune stimulatory compounds using microarrays. 45 In this study, we utilized next-generation sequencing of total RNA isolated from human PBMCs stimulated for 3.5 h with 1 mg/mL of each of the agonists to assess early transcriptional responses. A total of 26,363 annotated genes for Other upregulated genes are shown in green.
each of the 23 test samples were compared in duplicate against unstimulated (or vehicle-alone, mock-stimulated) control samples. As we had previously reported, diagnostic transcriptional signatures such as proinflammatory cytokine (TLR4), interferon, and interferon-inducible genes (TLR7) were strongly upregulated in the samples. In order to discern global signatures in an unbiased manner, we compared root mean square deviations of fold change (from control values) in expression of each of the genes across the 23 test samples (Fig. 2) . We observed pronounced deviations in three gene families: the CXC and CC chemokines, and Type I interferons (Fig. 2) ; additionally, we noted significant change in a subset of genes including TNFSF15 (TNF superfamily ligand, member 15), TFPI2 (tissue factor pathway inhibitor 2), RSAD2 (radical S-adenosyl methionine domain containing 2), PDGFRL (platelet derived growth factor receptor like), LEP (leptin), IL6 (interleukin-6), IL12B (interleukin-12B), IL1A (interleukin-1a) IL36G (interleukin36g), IRG1 (immunoresponsive gene 1), INHBA (inhibin beta A subunit), IFIT1 (interferon induced protein with tetratricopeptide repeats 1), DNAAF1 (dynein axonemal assembly factor 1), DEFB1 (defensin b-1), CFB (complement factor B), and LOC100506178 (uncharacterized).
We next quantified changes in the CC and CXC chemokines, as well as IFN genes for each of the agonists. Strong signals for the CC chemokines 1, 2, 3, 4, 7, 8, 17, 18, 20, and 23 were observed for TLR2, TLR3, TLR4, TLR5, TLR7, TLR7/8, TLR8, NOD1, and NOD2 agonists (Fig. 3) . The signals for TLR9 were significantly weaker, likely on account of the oligonucleotides requiring longer incubation periods as we had previously observed. 45 A clear demarcation of extracellular versus intracellular TLR/NLR activation was apparent in the analysis of gene expression levels for the CXC chemokines. The engagement of the extracellular TLRs 2, 4, and 5 resulted in strong upregulation of CXCL5, CXCL6 and CXCL8 genes. In contrast, stimulation of the intracellular receptors TLR3, 7, and 8 manifested in upregulation of CXCL11 and CXCL12 (Fig. 4) . Signals for CXCL1, CXCL2, and CXCL3 were also observed to be strongly enhanced but, like the CC chemokines, were found to be common for almost all agonists (Fig. 4) . Interferon-a responses, as expected, were almost exclusively restricted to TLR7 (and TLR7/8 activation), whereas IFN-b responses were elicited by TLR3, TLR7, TLR7/8 and TLR9 agonists. It is noteworthy that interferon-v signals were also evoked by TLR7 engagement (Fig. 5) .
We sought to understand why TLR2-active compounds displayed strong adjuvant activity. Transcriptomal profiling pointed to strong upregulation of CXCL and CCL chemokine transcripts in PBMCs (Figs. 3 and 4) , and we confirmed the induction of multiple CXCL and CCL chemokines using multiplexed immunoassays (representative data for CCL20 and CXCL6 shown in Fig. 6 ). Given that intramuscular injections are largely delivered into interstitial spaces, we wished to examine if non-hematopoietic cells such as endothelial cells, fibroblasts, and skeletal muscle cells could also respond to TLR2 stimulation. We examined the effect of almost the entire set of TLR agonists on cytokine and chemokine secretion using multiplexed cytokine and chemokine assays. We found that in skeletal muscle cells as well as fibroblasts, but not in endothelial cells, the TLR2/6-active compounds PAM 2 CSK 4 and DBS-2-217C induced both CC and CXC chemokines, including CCL20 and CXCL6 (Fig. 7) . The TLR1/2-agonist, PAM 3 CSK 4 , did not elicit chemokine responses. In examining fibroblast responses to the TLR2 ligands in greater detail, we observed dose-dependent induction of CXCL6 (GCP2), CCL20 (MIP-3a), CXCL8 (IL-8), CCL2 (MCP-1) and CCL7 (MCP-3) by the TLR2/6-active compounds PAM 2 CSK 4 and DBS-2-217C, and not by the TLR1/2-agonist, PAM 3 CSK 4 (data not shown).
We hypothesized that the selective responsiveness for TLR2/6 agonists in skeletal muscle cells and fibroblasts could be a consequence of differential TLR expression in fibroblasts. We therefore examined the expression of TLR1, TLR2, and TLR6 in fibroblasts, employing tyramide signal amplification 52, 53 for enhancing sensitivity of detection. We observed strong expression in fibroblasts of TLR2 and TLR6, but very faint levels of TLR1 (Fig. 8) , which is consistent with responses elicited by the TLR2/6 agonists PAM 2 CSK 4 and DBS-2-217C, and not by the TLR1/2 agonist PAM 3 CSK 4 .
In order to verify that TLR2/6 occupancy and the consequent secretion of CC and CXC chemokines in fibroblasts have functional outcomes, we measured the chemotaxis of human PBMCs toward fibroblasts stimulated with TLR2/6 and TLR1/2 ligands. Human SDF-1 was used as a positive control in these experiments. We observed dose-dependent migration of PBMCs toward fibroblasts stimulated with TLR2/6, but not TLR1/2 ligands (Fig. 9) . Flow cytometric assessment of absolute counts of migrated PBMCs showed that T lymphocytic subsets (CD4 C Th cells, CD8 C CTLs, and CD3 C CD56 C cytokineinduced killer cells), but not B lymphocytes (CD19 C ) underwent chemotaxis (Fig. 9) . The induction of chemotactic gradients by adventital cells and consequent migration of immune cells to the site of injection may likely contribute to the strong adjuvant properties of TLR2/6 agonists.
Discussion
A major objective was to determine if there are any common signatures attributable to adjuvant effects in a broad range of TLR/NLR-active compounds that we have evaluated as vaccine adjuvants. Strong transcriptional upregulation for several CC chemokines including CCL1, ¡2, ¡3, ¡4, ¡7, ¡8, ¡17, ¡18, ¡20, and ¡23, as well as the CXC chemokines, CXCL1, CXCL2, and CXCL3 were observed for the majority of innate immune stimuli. Indeed, both alum, 54, 55 as well as MF59, a squalene-in-water emulsion containing the surfactants polysorbate 80 and sorbitan trioleate 56, 57 are FDA-approved vaccine adjuvants that do not activate any of the TLRs, but induce chemokine secretion in hematopoietic cells. 58 These observations point to the potential utility of chemokine readouts as surrogate markers of innate immune activation, irrespective of the nature of stimulation. We hope that quantifying chemokine induction alongside conventional assays measuring the release of proinflammatory mediators may help prospectively identify novel adjuvants with low reactogenicity.
The vast majority of vaccines are administered intramuscularly, and we reasoned that, in addition to skeletal muscle cells, fibroblasts could represent a significant cell type at the site of vaccination where the local concentrations of both antigen and adjuvant are expected to be high. Indeed, early studies on the disposition of the intramuscularly injected materials 59 have suggested that the term 'intramuscular' is a misnomer, and should perhaps be referred to as 'intermuscular' 60 in light of the fact that much of the material because of the spread of solutions along interfacial planes between fascicles. Although adventitial cells such as fibroblasts are not usually considered to be components of the innate immune system, it has been suggested that fibroblasts have immunoregulatory functions, and should therefore be considered as sentinel cells. 61, 62 Furthermore, human fibroblasts from disparate anatomical sites have been shown to synthesize CC and CXC chemokines. [63] [64] [65] [66] [67] [68] Whereas human PBMCs respond to both TLR1/2 (PAM 3 CSK 4 ) and TLR2/6 (PAM 2 CSK 4 and DBS-2-217C) agonists, only TLR2/6 agonists, but not the TLR1/2 agonist, elicited chemokine responses in fibroblasts, paralleled by dose-dependent chemotaxis of PBMCs toward fibroblasts stimulated with TLR2/6, but not TLR1/2 ligands, consistent with strong expression of TLR2 and TLR6 but low levels of TLR1. These findings draw attention to the poorly-studied role of stromal and adventitial cells in creating chemotactic gradients, and thereby indirectly focusing and amplifying adaptive immune responses.
Trumenba TM is a recently-licensed vaccine for the prevention of Neisseria meningitidis serogroup B-related meningococcal meningitis. 69 The vaccine is composed of two recombinant, E. coli-expressed, lipidated factor H binding protein (fHBP) variants from N. meningitidis serogroups A and B. The fHBP lipoproteins are triacylated, and are therefore expected to signal via TLR1/TLR2 heterodimerization. 70 It was noted in preclinical in vivo studies that the lipidated forms of fHbps were more immunogenic compared to the non-lipidated forms, pointing to the self-adjuvanting activity of the TLR2-active moiety. 70 Our results suggest that diacyl or monoacyl TLR2 agonists that signal via TLR2/6 may be superior in eliciting adjuvant responses over triacyl species by promoting chemotactic responses to the site of injection. A careful comparison with MPLA (TLR4 agonist) would be useful in benchmarking the adjuvant properties of TLR2/6-active compounds.
In conclusion, a CC chemokine signature (CC chemokines  1, 2, 3, 4, 7, 8, 17, 18 , 20, and 23) appears to be a common transcriptional outcome of virtually all TLR/NLR agonists whereas the CXC chemokine patterns allow for the distinction of extracellular (CXCL5, CXCL6 and CXCL8) vis-a-vis intracellular (CXCL11 and CXCL12) TLR/NLR activation. These findings are likely to be useful both in prospectively examining novel compounds for adjuvant activity, and in understanding structure-activity relationships in such molecules. TLR2/6 agonists distinguish themselves in being able to active adventitial cells such as fibroblasts; local secretion of chemokines at the site of immunization and consequent chemotaxis of immunecompetent cells to areas where the local concentrations of immunogens are expected to be initially high likely contribute to the potent adjuvant properties in these compounds.
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